Ears evolved in many nocturnal insects, including some moths, to detect bat echolocation calls and evade capture [1, 2] . Although there is evidence that some bats emit echolocation calls that are inconspicuous to eared moths, it is difficult to determine whether this was an adaptation to moth hearing or originally evolved for a different purpose [2, 3] . Aerial-hawking bats generally emit high-amplitude echolocation calls to maximize detection range [4, 5] . Here we present the first example of an echolocation counterstrategy to overcome prey hearing at the cost of reduced detection distance. We combined comparative bat flight-path tracking and moth neurophysiology with fecal DNA analysis to show that the barbastelle, Barbastella barbastellus, emits calls that are 10 to 100 times lower in amplitude than those of other aerialhawking bats, remains undetected by moths until close, and captures mainly eared moths. Model calculations demonstrate that only bats emitting such low-amplitude calls hear moth echoes before their calls are conspicuous to moths. This stealth echolocation allows the barbastelle to exploit food resources that are difficult to catch for other aerial-hawking bats emitting calls of greater amplitude.
Summary
Ears evolved in many nocturnal insects, including some moths, to detect bat echolocation calls and evade capture [1, 2] . Although there is evidence that some bats emit echolocation calls that are inconspicuous to eared moths, it is difficult to determine whether this was an adaptation to moth hearing or originally evolved for a different purpose [2, 3] . Aerial-hawking bats generally emit high-amplitude echolocation calls to maximize detection range [4, 5] . Here we present the first example of an echolocation counterstrategy to overcome prey hearing at the cost of reduced detection distance. We combined comparative bat flight-path tracking and moth neurophysiology with fecal DNA analysis to show that the barbastelle, Barbastella barbastellus, emits calls that are 10 to 100 times lower in amplitude than those of other aerialhawking bats, remains undetected by moths until close, and captures mainly eared moths. Model calculations demonstrate that only bats emitting such low-amplitude calls hear moth echoes before their calls are conspicuous to moths. This stealth echolocation allows the barbastelle to exploit food resources that are difficult to catch for other aerial-hawking bats emitting calls of greater amplitude.
Results and Discussion
Aerial-hawking bats pinpoint their airborne insect prey with echolocation calls that are typically among the most intense biological sounds [4, 5] . Ears evolved in many insect taxa together with evasive flight as antipredator adaptations [1] . It is debatable, however, whether bats have coevolved counteradaptations against eared prey [2] . In general, examples of predators prevailing over their prey in the coevolutionary arms race, such as toxin resistance in garter snakes [6] , are rare because of lower selection pressure on the predator than the prey (the life/dinner-principle [7] ). For bats and their insect prey, the allotonic frequency hypothesis proposes that some bat species responded to hearing prey by calling at frequencies outside the range of the prey's greatest auditory sensitivity [8] . Despite much support for this hypothesis [2, 8] , other benefits could have initially driven selection for these changes, such as increased detection distance at low frequencies or improved spatial resolution at high frequencies [3] . Here we present evidence for a previously unknown counteradaptation in the aerial-hawking bat, Barbastella barbastellus: the use of low-amplitude calls. This is likely to be a specific adaptation in response to insect hearing because it imposes the cost of reduced prey detection distance to the bat with no compensating benefit other than making its calls inconspicuous to eared prey. There is no energetic benefit to low-amplitude calls in bats [9] ; B. barbastellus is not known to take prey from surfaces or forage within dense foliage, which would favor low-amplitude calls [10] ; and there is no evidence of kleptoparasitism in foraging bats, only by bats that occasionally catch a moth missed by a previous bat [11] . Many gleaning bats (those that take prey from surfaces) also produce lowamplitude calls, but again there are alternative benefits for doing so other than remaining inconspicuous to prey [12] . We compared the diet, detection distances by moths, and call source levels of B. barbastellus with those of a similar sympatric aerial-hawking bat species, Nyctalus leisleri. Both are medium-sized bats that forage on insects in edge and open habitats [10] . They both call at relatively low ultrasonic frequencies (33 and 28 kHz peak frequency, respectively) that are within the best hearing range of most moth species [8, 13] .
B. barbastellus preys almost exclusively on moths (reviewed in [14] ), but not all moths have ears. Conventional diet studies have identified prey remains within feces by using microscopic techniques, which provide only limited resolution of prey (typically to order) and thus have been unable to determine their auditory capabilities (but see [15] ). We identified arthropod prey species from mitochondrial CO1 barcodes recovered from the feces of 51 B. barbastellus individuals [16] to investigate the proportion of eared moths in the diet. This genetic approach revealed that B. barbastellus is not just a moth specialist; it feeds almost entirely on eared moths ( Table 1) . The overall proportion of moths in the diet determined by genetic and conventional morphological techniques showed a high level of congruence, providing support for the genetic results (Table 1 ). In comparison, N. leisleri eats few moths (Table 1) . Other aerial-hawking bats in the UK feed mainly on flies, with low to moderate amounts of moths in their diets (0 to 36% by volume [14] ).
Given that B. barbastellus specializes in eating eared prey, we predicted that the echolocation calls of this bat would be inconspicuous to moths. We tracked the flight paths of passing bats in three dimensions with microphone arrays [4, 17] while simultaneously recording neural activity in the auditory nerve of the moth Noctua pronuba (Noctuidae; Figure 1 ), a species commonly eaten by B. barbastellus (M.R.K.Z., unpublished data). Noctuid moths possess two auditory sensory cells, A1 and A2. Both are broadly tuned to frequencies above 10 kHz, with A1 being w20 dB more sensitive than A2 ( Figure 2A ; [8] ). Roeder [18] hypothesized that A1 activity elicits directional flight away from distant bats and A2 elicits an erratic escape response when bats are close. In contrast, other studies on closely related moth families hypothesized that a critical total number of A-cell spikes is sufficient for the latter response [19, 20] . We used two detection criteria in our study: the first occurrence of (1) at least one A1 spike and (2) at least one A2 spike in response to echolocation calls (Figures 1 and 2A) . The first occurrence of at least one A2 spike accommodates both previously mentioned hypotheses [18] [19] [20] : the total number of A-cell spikes in response to the call that first elicited at least one A2 spike was 11.1 6 1.8 standard deviations (SDs) (see Supplemental *Correspondence: marc.holderied@bristol.ac.uk 2 These authors contributed equally to this work Experimental Procedures, available online), corresponding with these previous estimates [19, 20] of total spike numbers required to elicit a behavioral response to a nearby bat.
Despite similar calling frequencies for the two bat species, the A1 cell responded to N. leisleri calls at 33.2 m or less, whereas it only responded to B. barbastellus calls at distances of less than 3.5 m (Mann-Whitney U = 0, p = 0.003, n = 7 and 8, respectively, two-tailed; Figure 2C ). The A2 cell responded to N. leisleri calls at 18.5 m or less, whereas only one A2 cell response to B. barbastellus was recorded, and then at close range (1.8 m, Figure 2C ). In seven other moths, B. barbastellus came as close as 1.9 m (median, quartiles: 1.9-2.2 m) without eliciting A2 spikes. Likewise, only five of 46 B. barbastellus passes elicited more than four spikes per call (maximum of eight spikes in one flight path).
The distance at which a prey animal can detect an approaching predator determines the amount of time available for an escape. At the mean flight speed of 10.3 (61.7 SD) m/s for N. leisleri, the A1 cell of N. pronuba will respond w3.2 s and the A2 cell w1.8 s before the bat reaches the moth's current position, providing sufficient time to initiate escape responses. In contrast, B. barbastellus calls (flight speed: 7.7 [61.2 SD] m/s) elicit an equivalent neural response only w0.5 s and 0.25 s before contact, respectively. In addition, reaction times in moths range from 45 to 250 ms [21] . Hence, the high proportion of eared moths in the diet of B. barbastellus can be explained by the late detection of the bat by the moth.
To explain why B. barbastellus is so inconspicuous to moths, we calculated the source levels (i.e., the call amplitude 10 cm away from the bat's mouth) of search calls for both bat study species based on the call level measured at the microphone and the known distance to the bat. B. barbastellus emits two types of calls (Figure 2 ; [22] ). Type 1 is lower in frequency and less frequency modulated than type 2. We only analyzed type 1 calls because the majority of detection distances (92%) were in response to this type, presumably because type 2 calls are emitted upward ( [22] , U. Marckmann and V. Runkel, personal communication). The median search call source levels were only 94 dB peSPL for B. barbastellus, but 127 dB peSPL for N. leisleri (see Supplemental Experimental Procedures for peSPL definition). Other aerial-hawking bat species emit calls of similar amplitude to N. leisleri, between 121 and 131 dB peSPL (average of 10% loudest calls [4] ) and between 114 and 134 dB peSPL (total average [5] ). Thus, the calls of B. barbastellus are 10-100 times fainter than those of other aerial hawkers.
We developed a perceptual space model that describes the maximum detection distances of bat calls by moths and of moth echoes by bats. The maximum detection distance of a sound source is the distance at which it is just audible. The maximum detection distance of a bat call by a moth is determined by the call's source level, the moth's hearing threshold, and the one-way transmission loss [23] . A bat's maximum detection distance for a moth echo is determined by the call's source level, the bat's hearing threshold, the two-way transmission loss, and the target strength (which is echo attenuation relative to impinging sound) [23] . For the perceptual space model, we calculated maximum detection distances as a function of source level at the median call peak frequencies of 33 kHz (B. barbastellus) and 28 kHz (N. leisleri). We used the A1 and A2 cell thresholds from audiograms (see Supplemental Experimental Procedures) as moth hearing thresholds, 0 and 20 dB peSPL as bat hearing thresholds [13, [23] [24] [25] [26] , and a target strength of 216 dB [27] . The transmission loss is one-way for [14] . c [42] . d [43] . the moth but two-way for the bat. Bats, however, have lower hearing thresholds than moths. Therefore, a source level exists with equal detection distance for bat and moth, which we term the parity level ( Figure 3A) . At call source levels above the parity level, the moth detects an approaching bat first (''moth wins''), whereas the bat detects the moth first at lower levels (''bat wins,'' Figure 3A) . Figures 3B and 3C For N. leisleri, the model shows that at all measured call source levels, A1 always, and A2 predominantly, reacts before the bat hears the moth echoes ( Figure 3C ). In contrast, for B. barbastellus, A1 reacts often, but A2 never, before the bat hears the moth ( Figure 3B ). Given the current hypotheses for the neural code for evasive flight outlined above [18] [19] [20] , this, as well as the low number of elicited spikes per call, suggests that directional flight might be elicited by B. barbastellus, but evasive flight is unlikely. The bat's detection distance of moths is 1.0-1.1 m larger than the A2 detection distance of bats at 20 dB SPL bat hearing threshold and 3.4-4.2 m at 0 dB SPL bat hearing threshold (measured between the quartiles of the call amplitude distribution, Figure 3B) . Therefore, B. barbastellus uses a stealth echolocation strategy by emitting low-amplitude calls that exploit the relative difference in hearing thresholds between predator and prey, a strategy previously suggested by Fenton and Fullard [28] and by Surlykke [29] and now supported with field-based measurements. This strategy, however, comes at the cost of reduced prey detection distance. Figure S1 shows the full models of each threshold combination. Figures S2 and S3 show that the stealth echolocation of B. barbastellus is effective for all relevant climatic conditions and moth target strengths.
Whereas N. leisleri first detects moths at 8.7 and 15.4 m distance (for 20 and 0 dB SPL hearing threshold, respectively, and median call source level), B. barbastellus only first detects them at 2.2 and 5.0 m. Because of this 3-to 4-fold reduction in maximum detection distance, it is unlikely that this strategy has benefits to the bat other than to counter moth hearing. Yet, despite being imperceptible to moths at a distance, B. barbastellus should eventually become audible as it approaches. Many aerial-hawking bats, however, reduce call amplitude by w6 dB per halving of distance during approach [30] . For B. barbastellus, this would create the additional benefit that call amplitude remains below detection threshold of the moth's A2 cell, presumably preventing erratic evasive flight ( Figure S4 ). In this way, the bat could maintain its stealth approach from initial detection until capture.
We suggest that the low-amplitude calls of B. barbastellus represent a sensory adaptation in response to prey hearing. High-intensity echolocation is ancestral in bats [31] , and the subfamily Vespertilioninae, to which B. barbastellus belongs, evolved tens of millions of years after the moth family Noctuidae [32, 33] . Although noctuid moths can have best thresholds as low as 20 dB peSPL in areas with high bat predation pressure [34] , N. pronuba has a best threshold of 38 dB peSPL, which is typical for temperate-zone noctuid moths [13] . In addition to selective pressure toward increased auditory sensitivity, moths experience opposing pressure from associated costs, such as responding to innocuous sounds and thereby reducing their feeding and mating opportunities, and possibly risking predation after landing on a surface [35] . It thus appears that the rarity of this predator strategy did not provide sufficient selection pressure for an adaptive response in moths (the rare-enemy effect [7] ; c.f. [36] ), as also suggested for the gleaning bat Myotis septentrionalis [12] and the low-frequency bat Euderma maculatum [37] . As a result, B. barbastellus currently has a major advantage in the predator-prey arms race and can avoid competition with bats that emit louder calls. Sensory differences, like the example presented here, play an important role in determining access to food, reducing competition between coexisting species and structuring communities [38, 39] .
Experimental Procedures
B. barbastellus diet composition (n = 51 individual bats) was assessed by DNA barcoding [16] and morphological methods [40] . We tracked threedimensional flight paths of wild free-flying bats by using time-of-arrival differences of their echolocation calls between microphones on two fourmicrophone arrays [4, 17] . We calculated the distance of bats from a moth auditory preparation placed between or behind the arrays. Neural activity was recorded from the auditory nerve of the noctuid moth Noctua pronuba. We used two criteria for determining maximum detection distances: the first responses of the A1 or A2 sensory cells. We recorded the echolocation calls of bats with a calibrated microphone placed next to the moth and calculated source levels (dB peSPL re. 20 mPa at 10 cm distance from the bat's mouth) of search calls. We obtained audiograms of seven individuals of the moth N. pronuba for the same detection criteria as used in the field by playing back pure-tone pulses of 20 ms duration at increasing amplitudes from 20 to 90 dB peSPL in the laboratory. We calculated maximum detection distances for the perceptual space model by using the sonar equation [23] for 216 dB target strength [27] , 18 C temperature, 70% relative humidity (average climatic conditions of our recording nights), and 28 and 33 kHz call peak frequencies. We used bat hearing thresholds of 0 and 20 dB SPL [13, [23] [24] [25] [26] . Moth hearing thresholds for the A1 and A2 cells were retrieved from the audiograms at 28 and 33 kHz and corrected for the shorter call duration compared to audiogram pure tones [41] . Full methods are available in the Supplemental Information.
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